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I N V E S T I G m I O N  OF AUXTUDE IGNITION, A c C w I O m ,  

AND STEADY-STATE OPERATION W I T E  SINGLE 

COWSTClR O F  J47 TUR3OJEF E X G m  

By William P . Cook and H-t F. Butze 

SUMMARY 

An Investigation was .conducted q i t h  9 single combustor from a J47 
turbojet engine  using weathered aviation  gasoline and several spark-plug 
modifications to determine altituae  ignition,  acceleration, and steady- 
s ta te  opera5ing characteristics. 

Satisfactory  ignition.was obtained with t w o  modifications of the 
original opposite-polarity spark plug  up to and including  an  altitude 
of 40,003 f e e t   a t  conditiona  simulating  equilibrium windmilling of .the , 

engine at  .a Zlight speed of 400 miles p r  hour. ,At a sfmulated al t i tude 
of 30,000 feet,  satfsfactory  ignition was obtained  over a range of s i m -  
k t e d  engine speeds. No significant effect of fuel temperature-on igni- 
t ion  limits was observed mer  a range of fuel  temperatures frcsn 80° t o  
-52O F. 

A t  an a l t i t ude  of 30,OaO feet ,  t h e  exces8  temperature rise a v a i l -  
able f o r .  accelemtion at low engine  speeds was limited by the  abi l i ty  
of the cambustor t o  produce t e m p e r a t u r e  rise, whereaa a t  high engine 
speeds the zllaximum allawable turbine-inlet fxmperature became the re- 
atricting  factor.  c 

Altitude operattonal limits increased frm about 51,500 feet  at 
55 percent of rated engine  speed t o  about 64,500 feet  at 85 percent of 
rated speed.  Cmbuetion  efflciencies  varied frm 59.0 t o  92.6 percent 
over the range investigeted and deoreased w i t h  a decrease in  engine 
speed and with  an  increase in  altitude;  higher  e$Picienciee would-have 
been obtained i f  lower alt i tudes had been investigated. Comparisons 
were made of the com'bustion efficiencies of weathered aviation  gaeoline , 
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and MIL-F-5616 fie1 at al t i tudes of 30,000 and 40,000 feet. Canbustion 
efficiencies obtained with MIL-F-5616 fue l  were B percent higher at 
rated engine  speed and 14 percent lower at 55 percent of rated speed 
than  those  obtained  with  lieathered  avFati&  gasoline. 

INTRODUCTION 

Experienoe has.-sh6wn that the performance of a turbojet combustor 
is dependent on flight  conditiona and that poor performam is gener- 
a l l y  encountered at high al t i tudes and a t  low engine speeda. Con- 
sequently, a ge%& program t o  determine "the performanoe oharacteris- 
%its of turbojet combustors under various f l i g h t  conditions is befng 
conducted a t  t h e  NACA L e w i s  laboratory with a view to   es tabl ishing 
optimum design  criterione. Steady-state characteristics,  such ae al- 
titude  operational limits, combustion efficienc;y, .and pressure drop, 
of single canbustors  both of the annular and of t h e  can  type have 
been investigated  for  different  designs and f o r  a number of different 
fuels (for example, references 1 t o  4) .  Altitude  ignition and acceler- 
ation a.m, of c a m e ,  of great importanoe f o r  multiengine planes having 
one or more engines  temporarily  inoperative o r  for aingle-engine  fight- 
ers incurrfng blow-out at high al t i tudes.  A study of the  ignition 
charaoterietics of several   fuels  in a single can-type combustor is 
presented i n  reference 5 and a wind-tunnel inveetigatlon of a l t i tude  
s ta r t ing  and acce le ra t ion   o~rac t e r i s t i c s  of the J47 engine is reported 
i n  reference 6. 

I n  addi t ion  to  such  factors as inertia of the rotating parts and 
decreaaed air mass flaw at  alt i tude,  an important factor  affecting 
acceleration of a turbojet  plane is the temperature rise praduced by 
the ombustor i n  excess of that required t o  maintain  the engine a t  
steady-state  operation f o r  a given  flight  condition. This exoees 
temperature .rise available  for  acceleration is normally limited for 
two reasom: (1) Flame blow-uut may occur as t h e  result of over-rich 
f'uel-air ratios;  or (2)  allowable  turbine-inlet  tempraturee may be 
exceeded. 

The investigation  reported  herein was conducted t 6  determine the 
altitude ignition and acceleration  characteristics of a single 547 cam- 
bustor.  Additional data we=. obtained t o  evaluate the al t i tude oper- 
ational limits, ccanbustlon efficiency, and total-pressure losses of 
t h e  combustor. Ignltim limits were determin+i at an al t i tude of 30,000 
feet  and a t  engine rotational speeds below and above equilibrium wind- 
milling speeds f o r  simulated f l i g h t  speeds of 400 and 354 miles per hour, 
respectively.  Additional  ignition-limit  tests were made over a r a w  of 
a l t i tudes   for  a simulated  flight speed of 400 miles per hour and an en- 
gine speed equivalent t o  equilibrium  windmifling  speed.  Acceleration 
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characteristics were determined a t  a 30,OOO-foot sinerlated al t i tude over 
a wide range of engine rotat ional  speeds (12.7- t o  88.6-peroent rated 
engine  speed) a t  a simulated  flight speed of 400 miles per hour a t  and 
below equilibrium  windmilling  speed and 354 miles per harrr above equi- 
librium windmilling speed.  All tests,  including  those for altftl.de 
operational limit and combustion  efficiencyr, were made with weathered 
avia t ion  gasoline that corresponded t o  MIL-F-5572, grade 115/145 fuel, 
from which 15 percent of the more volatile  oonstituents had been re- 
moved t o  simulate  altitude  vaporization losses. Limited t e s t s   f o r  
comparisons were made wi th  MIL-F-5616, a kerosene-type fuel  that is the 
design  fuel  for the 547 combustor. . . .  

The instal la t ion of the 547 combustor photographicsally s h m  in  
figure 1 followed  typical NACA procedure (reference 1) . A diagraslmatic 
sketch of the  canplete  experimental  setup showing the location of con- 
t r o l  equipent as well as the location of instmmntetion  planes  ie 
presented in  ftgure 2. Instead of an electfic  preheater, a gasoline- 
fired  preheater  (reference 4 )  was used. A detailed  crosa-sect%onal 
sketch of the conibustor (including inlet and outlet diffusers having 
the same contour and dimensions as t'ne correspondfng engine p a r t s )  is 
sham in  f igure 3. m e 1  was supplied t o   t h e  cambus€or by meam of a 
duplex-type epray nozzle;  the rate of fuel  flaw was controlled by a 
manual valve  looated downstream of a calibrated rotameter and a high- 
pressure pump and separated from the nozzle by apprgimately 10 f ee t  
of 3/8-inch outside-dimter  tubing.  Ignition was effected by =an8 
of one of three  different  types of spark plug, a description of whioh 
follows. 

Plug A. - Two single electrodes of opposite  polarity  entereii frm 
diametrically opposed holes i n  the combustion chamber and formed a 
l/$-inch spark gap at the center line of the combustor, % inches frm 
the domed i n l e t  end (fig.  3). This plug, made at the Lewis laboratory 
according t o  the  manufacturer's  recomendation,  utilized most of the 
machined bodies of production pluss and had special poroelain insula- 
to rs  and center electrodes of 1/8-in~h  inside-diam=ter a l l o y  tubing 
through which wae passed  cooling air from the  combustor-inlet  diffuser. 
Plug A was U6ed fo r  m o s t  of the igni+ion tests and all other tests 
reported herein. 

1 

Plug B. - This plug was an experimental,  opposite-polarity spark 
plug supplied by the  manufacturer. The electrodes,  instead of enter- 
ing from opposite  sides of the ombustor, were about l l O o  a@ and 
formed a 1/4-inch gap at the same position as plug A. The cooling alr 
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for t h i s  plug entered  through a 1/2 -inch  hole in the skirt of the plug; 
the hole was located b e t w e e h  t he  combustor housing and the   l iner  and 
faced upstream. The air entering the plug through t h i s  1/2-inch  hole 
then divided, a portion  blanketing t h e  exposed porcelain  the re- - 

mainder passing down the hollow center of the electrode  tubing 
(0.146-Fn. O.D.) and thence into  the combustion chamber. 

Plug C.  - This  @lug was the .%me as spark plug B except that the 
1/2-incb air  holes in the skirt of the plug were reduced t o  a 1/4-lncb 
diameter. 

A standard ignition  coil  supplied by the manufacturer was used 
in  conjunction wlth all three spark plugs. 

Air flow and fue l  flow t o   t h e  combustor were metered by a standard 
A.S.M.E. t h i n - U t e   o r i f i c e  and by callbrated rotameters, respectively. 
T e m p e r a t m s  and pressures of the inlet airwere measured by tWo eingle- 
junction  irm-c;onetantan  themooouples and by three, three-point total- 
pressure rakes ebnd one statio-presrJure  tap,  respectively,  located at 
plane A 4  (fig. 2) and 8rranged as shown in figure 4. 

Temperatures of the cmbuetor-exit gaaes were neasured by eeven 
banks of five-junction chromel-alumel thennocouple rakee  looated a t  
plane B-33 (fig. 2), corresponding  approximately t o  the position of the 
turbine blades i n  the cmplete  engine. Combustor-exit gas total pres- 
sures were measured at plane C -C ( f ig  . 2 ) by Beven banks of f i v e  -point 
pressure rakes; a wall static.-pressure measurement was made at the ~aple plane. A l l  total-preseure and temperature probes (fig. 4) were located 
a t  the  centers of ewal areas, result ing in one pressure and m e  tem- 
perature reading for each 0.916 square  inch of crose-sectional area. 
Fuel temperatws w e r e  measured by a single-junction lron-canertantan 
thermocouple in   the  fuel  line immediately ahead of the combuetor. 

In order t o  investigate  al t i tude ignition and aoceleratlan, it 
is necessary t o  determine the-engine oprating  conditions that would 
be encountered at the sudden opening of inlet.-alr gates t o  a parasitic- 
type  engine a t  a given al t i tude and f l i g h t  speed. Transient inlet- 
air conditions below equilibrium windmilling speed were o&culated for 
an a l t i tude  of 30,000 f ee t  and a f l i gh t  speed of 400’miles per hour 
(using a derivation included i n  the appendix) and are given i n  
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figure 5(a).  Cmbustor operating oo l ld f t iod  at  equiltbrium windmill- 
ing (2100 rpm or  26.6 percent of rated speed) and for rotational speeds 
between wirdlmllling and rated Bpeed (7900 qm) were detelmined fram 
previous NACA investigatiops  (reference 7) and are  s h m  in figure 5(b).. 

For the  ignition tests, inlet-air  .conditions were adjusted t o  
simulate a given f l i gh t  condition, the spark plug was energized, and 
the fuel  flow turned on. Only ignition  occurring within 45 seco- 
af ter   the  o-pening of the %el valve, as indicated'by a sudden rise i n  
the  canbustor-outlet  temperature, was considered  satisfactory. Various 
fuel-flcm rates were investigated. Data were taken at  various &dti"udes 
at equilibrium windmflling condition8 with fue l  t e m p e r a t u r e s  varying 
between 70° and 80° P, (normal test-cell  conditions) and with the fuel 
maintained at the temperature of the ambient air at the simulated al- 
titude. Additimal ignition data were taken at  an a l t i t ude  of 30,000 
fee t  f o r  engine rotational speeder above and below equilibrium wfnd- 
milling speed and x i t h  a fie1 tempemture of 70' t o  80° F. 

Acceleration  tests were conducted by - t w o  m e t h a ,  a slaw-throttle 
and a rapid-throbtle advance. For the slaw-throttle advance, inlet- 
air conditions and fuel-flaw rate were adfusted t o  simulate a given 
al t i tude and rotatianal speed, Then, with inlet-sir conditions held 
constant, t he  fuel flar was slowly increased'  until blow-aut or  exces- 
sive temperatures (above 170O0 F, considered by the manufacturer t o  
be the limiting turbine  -inlet t e m p e r a t u r e )  were encountered. The dif - 
ference between the initial conbustor-outlet  temperature,  required t o  
maintain  steady-state engine  operation, and t he  final outlet  t e m p e r a -  
ture was taken ae e. measure of the ab i l i ty  of the combustor t o  prodnce 
ameleration. For tests at  or  below equilibrium windmilling speeds, 
t h e  entire temperature rfse  across the cmbuator may be c m i b r e d  t o  
be available for producing acceleration. For the  rapid-throttle-, 
advance tests, the inlet-aLr conditions etnd fuel-flow rates were ad- 
justed as before; the  f ie1  flaw was then  increased in  3 secosds t o  a 
'value registered on the rotameter  equal t o  three-fourths of the maximum 
fuel-flow  rate  obtained  vith  slow-throttle advance. If flam blow- 
aut did not occur, the procedure was repeated t o  successively  higher 
fuel-flaw rates. Canbustor-outlet temperatures attained a f t e r  sta- 
bi l izat ion of combustion were used i n  the rapid-throttle tests be- 
cause of the  difficulty In detemining with thermocauples the inatan- 
tmeous average  tempera.ture a t  the end of the 3-secod  throt t le  etdvance. 

Altitude operational limits and combustion efficienoies at various 
shmlated-flight  conditions were determined. Inlet -air temperature, 
pressure, and mass flow w e r e  set for-  the partfcular f l igh t  cordition 

temperature r ise .  Conditions at whiuh the  required tenrpemture rfse 
" investigated and the fuel flk adjusted t o  give the required combustor 

* 
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could  not be attailzed were c-idered to be in   the  inoperable  range 
of the  engine. A l l  data were taken w i t h  the spark plug &-energized. 

In order to simulate more closely  operation at altitude, a limited 
number of t e s t s  trae repeated wlth the  fuel at altitude  ambient-air 
temperature rather than at room temperature. The t e s t   fue l  used dur- 
ing the.ge8test  part of the  investigation was weathered aviation gaso- 
l ine,  oorrespunding to.MIl,-F-5572, grade 115/145 fuel, A?cpn which 
15 percent of t he  more vola t i le  conatituents had been removed t o  simu- 
late  altitude  vaporization  losses.  Cmparison  tests were made with 
m-F-5616 fuel, the  design fie1 for the  547 conibkstor. Physical  data 
for the two fuels are pre’eented in   table  I. 

Combustor i n l e t i a i r  and mtlet-gas t o t a l  pressure we= a l s o  re- 
corded f o r  the btemination of the pressure drop thrmgh  the  omhetor.  

Calculation8 

Combustion efficiency, aa used herein, i6 arb i t ra r i ly  defined as 
the   ra t io  of the  increase  in  enthalpy of the air and cmbustfon  products 
t o  the heat available i n  the fuel, and was calculated as described i n  
reference 8. Thermoouuple indications were taken as true  values of 
t o t a l  tempemtame with no correction for radiation or etagnation ef- 
fects.  In order t o  record comibuetor preeeure  losses on a dhnensionlese 
basis,  the ratio of the pssure loss t o  a reference dymmic pressure 
was used. The reference dymmic preeeure was cmputed for eaoh ex- 
perimental  condition frm the air flow through  the combustor, the den- 
si%y at the  ccanbustor.inlet, and the pyzximum cross-sectional area of 
the combustor housing. 

RESULTS AND DIS(2UESION 

Ignition 

The remlts of the igni t ion  tes ts  are shown in figure 6 for  the 
547 cmlnmtor operati% with weathered aviation  gasoline (f’uel tem- 
perature 70° t o  80° F) and with spark plug A. With inlet-air  conditions 
t o  the cambustor sinntlating a f l i gh t  speed of 400 miles per haur and 
the engine windmilling at 26.6 percent of raiied  speed (the  equilibrium 
windmilling  speed f o r  this f l igh t  speed) , ignition was obtained up t o  
and including  an  altltude of 40,000 feet .  The time required  fop 1-1- 
t i o n t o  occur incremed from 3 seconds a t  25,000 feet  t o  15 seconds at 
35,000 feet  and t o  45 seconds a t  40,000 feet .  No igtxltion was obtained 
at 45,000 fee t  with any fuel .flow applied. The range of fuel flawa 
over which ignition  occurred  decreased  significantly ae the  altitude Y 
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increased. At 30,000 feet, a variation of about &.lo percent frm a 
star t ing Fuel-air r a t io  of approximately 0.015 waa possible; whereas 
at 40,000 feet , the allowable  variation fram t h i s  fue l -a i r   ra t io  was 
less than percent. 

7 

A t  a  sFmulated al t i tude of 30,000 feet  and a f l i gh t  speed of 
400 miles per hour, aatiafactory  ignition w obtained with spark plug A 
at wtndmilling conditione ranging from 12.7 t o  26.6 peroent of rated 
engine  speed. A t  thls same altftude and a f l igh t  speed of 354 miles 
per hour, ignit ion was Battsfactory at steady-state  conditions ran&% 
from 26.6 to 88.6 percent of rated speed. Wo aifference  in results was 
obtained with the fuel  at roam temperature and with the fue l  cooled to 
alt i tude ambient -air 'temperature. 

With spark plug B, ignition was obtained only up t o  and including 
30,000 f ee t  for conaftions  simulating  equilibrium  wiudmllltng at a 
f l igh t  speed o f  400 miles per hour. With spark plug C, the results 
were the s m  ae with plug A; thus the  reduced flow of cooling air to 
the  electrodes  served t o  improve the  ignition performEtnce  of plug C 
over thaA of plug B. 

Acceleration 

The combustor t e m p e m t u r e  r i s e  obtained with a slow-throttle  ad- 
vance is shown in  figure 7 as a function of fuel-air  r a t i o  for  various 

50,000 fee t .  For the range of speeds investigated, from 15.2 to 63.3 
percent.of  rated  engine speed, the  mimum  obtainable  temperature r i s e  

I windmilling and steady-state  operating  conditions at an al t i tude of 

- IS limited by b;lo+azt. 

In order t o  show m o r e  clearly  the  effect  of increasing engfne 
speed, values of maximum obtainable temperature r ise   for   both slow- 
and rapid-throttle advance at an al t i tude of 30,000 f ee t  have been p l o t -  
ted in  figure 8 as a finction of engine speed. Maximum-temperature- 
r i s e  values f o r  the slow-throttle advance were taken frcmnthe bluw-aut 
points shown i n  fi- 7; values for the  rapid-throttle advance were 
obtained from the temperatures attained after s-hbilization of o m -  
bustian.  Rapid-throttle advance, as p v i o u e l y  explained,  canaisted . 
of a 3-second advance of the fuel t b o t t l e   t o  the maximum opening pos- 
sible without  resultant blow-out. Also shown i n  figure 8 are  the 
tempraturn rise required  for eteadpstate operation of' the engine at 
this alt i tude and f l i gh t  speed (as calculated from the  curves i n  
f i g  . 5(b) ) and the maximum allarable  temperature rise based 011 a limit - 
ing  turbine -inlet temperature of 170O0 F. 
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With the  rapid-throttle advance, the maximum obtaiuable tempera- 
ture  rise  increased from 880° F a t  about 32.5 p e r c e ~ t  of rated speed 
t o  1500° F at 75 percent of rated speed. Fusrt;her temperature  increases 
a t  engine  speeds above 75 percent of rated speed were prohibited by 
excessive  .cmbustor-outlet  temperatures. With slaw-throttle advance, 
at conditions  simulating  steaQ-state  engine  operation a t  a f l i g h t  
speed o m  milea per hour, the maximum obtainable  temperature r i s e  
increase& from 1040° F at  about 31.5 percent of rated speed t o  1550O F 
a t  about 66.5 percent of rated apeed and d a i n  was limited by the ex- 
cessive c d u s t o r - o u t l e t  temperatures  encountered at the  higher  engine 
speeds. A t  #indmilling.oonditians (26.6 percent of rated engine  speed 
and below), the maximum temperature r i s e  that .could be obtained  Kith 
slow-throttle advance decreased from 1590° F at  15.2 percent of rated 
speed t o  720' F .at 26.6 percent of rated apeed. 

The excess  temperature riee  available f o r  soceleration, that 
18, the  difference between the mxfrmlm tempemture r i s e  obtainable 
and the  temperature rise  required for steady-state engine operation, 
I s  shown in  f igure 9 for both slow- and rapfd-tbrottle advance. The 
solid curve with negative slope represents  the  difference between al- 
lowable  temperature r tae  (based a limlting  turbine-inlet  temperature 
of 1700° F) and the  temperature rise  required t o  maintain  steady-state 
engine  operation. Thus, it €8 evident that in  the low-speed range, 
the  excess  tempemture  riee,aQailable f o r  combuetion is limited by the 
ability of the combustor t o  provide  temperature rise5 w h e r e a s  at the 
higher  engine  speeds,the  temperature rise  available  for  acceleration 
is lfmited by the maxirmun allowable  combustor-outlet  temgerature be- 
cause the combufltor ie capable of producing outlet  temperatures  ex- 
ceeding 1700° IT. The- dashed uurve i n  figure 9 shows calcdated value8 
OF excess  temperature rise  available for acceleration  at  simulated 
sea-level  flight  conditions,  'again W e d  on a limiting  oambustor-outlet 
temperature of 17W0 F. Low-dtitude  conditiuw are favorable for con- 
bustion, and exper'ience has shown that combuetor-outlet  temperatures in  
excess of 1700O.F can be attained a t  these  conditions. T h s ,  at Be&- 
level  cadit ions,the temperature rise  available for acceleration is 
limited throughcut the entire range of engine  speeds by the mx3m.m 
alluwable  turbine-inlet  temperature of 17000 F. 

A comparison of the  sea-level and the  experimental 30,000-foot 
temperature-rise curves of figure 9 shaws that, in the low-speed range, 
the exces8 temperature r i s e  available for  acceleration is much greater 
at sea level than at altitude, 8 factor that contribute8 toward the 
lower rate  of acceleration encountered a t  alt i tude.  Another important 
factor, of oourse, is the decrease in air mass flaw rate st high alti- 
tudee while the Inertia of the rotating parts remains constant as was 
previously mentioned. 

. 
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The al t i tude o-perational l lmits of the 547 cambustor operating 
w i t h  weathered aviation gasoline at. a f l i gh t  Mach number of 0.52 are 
presented i n  figure 10. The alt i tude -limit curve was established by 
interpolation between data  points  obtained a t  two sfmulated alt i tudes 
5000 fee t  a@: one at  which the  required temperature rise was ob- 
tained and one at which it was not  obtainable. The =mer of inter-  
polation was based upon observation of the cambustor during  the test. 
The determination of the alt i tude limits m e  rest r ic ted to engine ro- 
ta t ional  speede between 55 and 85 percent of d t e p  speed bec€buee at 
t h e  low end of the speed  range the  required low combustor in le t -a i r  
temperatures were limited by the  laboratory  facilities; whereas at the 
high end of the speed  range the ab i l i t y  of the themcmouples t o  with- 
stand the  high ccxnlmstor-outlet temperatures  required w&s the   res t r ic t -  
ing  factor.  Figure 10 e h m  that the  altitude  operational limits in- 
creased from 51,500 feet at 55 percent of rated  engine speed t o  
64,550 f e e t   a t  85 percent of rated speed. With the alar-thrott le ad- 
vance used i n  t h i s  phase of the investigation, no flame blow-out was 
encountered. 

Combustion Efficiency 

Combustion efficienaiee  obtained  with  the J47 combustor operated 
at various sinnrlated alt i tudes and engine speeds with room-temperature 
weathered aviation gasoline are s h m  in figure 10. The cmbuetion 
efficiencies  varied from 39.0 t o  92.6 percent at the conditions in- 
vestigated and followed the  general  trends typical of gas-turbine 
oombustors, decressing  with a decreme i n  engine  speed and with an in- 
crease in   a l t i tude.  The conetant  cmbustion-e.ffioienuy l i n e a  shqwn in 
figure 10 were obtained by interpolation between the values of effi-  
ciency  obtained at the t e s t  points.  Operation of the cmhustor  with 
fuel at altitude  ambient-air  temprature resulted in rm&m variations 
i n  combustion efficiency of 0 t o  about 2 percent fram thoee sham i n  
figure 10; thus, f o r  t he  conditione investi&ated, &el temperature had 
l i t t l e  effect  011 conibustion efficiency. 

A camparison of the combustion efficiencies  obtained  with 
MIL-3'-5616 fuel,  the design fuel   for   the 347 engine, and. w5th veathered 
aviatfon  gasoline a t  variam engine epzedb and at  alt i tudes of 30,000 
and 40,000 feet i8 shown in figwe II. A t  both  altitudes and at rate& 
engine speed, cmbustion  effiaienoies  obtained  with a-F-5616 fuel 
were about 8 percent  higher +han those  obtained wi th  weathered aviation 
gasoline; at 55 percent of rated engine  speed, however, operation with 
MIL-F-5616 f ie1   resu l ted   in  a decrease of about 14 percent in  ccanbustion 
efficiency. 
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Pressure Loss 

The total-pressure loss across the combustor is shown in figure 12. 
The r a t i o  of the total-pt?essure l o s s  t o  a reference dynamic pressure 
AP/* is plotted  .against  the  ratio of the IriLet-air  density t o  the 
exhaust-ga6 derwrity and a straight-l ine  correlation was obtained. 
Figure 1 2  indicates that the total-pressure loss  r a t i o  increased from 
12.3 t o  about 16.1 as the dermity ratio increased from 1 t o  2.6. 

From an investigation of the ignition,  acceleration, and steady- 
state operational  characteristics of a single oombuetor of a 547 engine 
using weathered ayiation gasoline w i t h  opposite-pdarity spark plugs 
a t  simulated  flight  conditions, the following results were obtained: 

1. With  combustor inlet-air conditione simulating equilibrium 
windmilling at a f l i g h t  speed. af 400 pliles per hour, satisfactory ig- 
nitfon was obtained w i t h  spark plug A up . to . and  .including 40,000 feet .  
N o  significant  effect of -fuel  temperature on ignition w a s  observed 
over the  range  of fuel temperatures  investigate&. 

2. At a simrJLlated altitude of 30,000 feet, sa t i s fac tory   ignf t im 
was obkained wi th  sperk plug A over a e-peed range frnm 12.7 t o  26.6 per- 
cent of rated engine speed, representing windmlllinef conditione, and 
over a range fram 31.8 to 88.6 percwt of rated speed, repreeentiw 
steady-state  operation of the .canbustor. 

3. The alt i tude  ignit ion limit of the combustor was significantly 
increased by a reduction in  the  qumti-ty of cooling air aupplied  through 
the  electrodes of the experimental spark plug (plug B) furnished by 
the manufacturer. 

4. A t  an al t i tude of 30,000 feet, t he  excess  temperature rise 
available Tor accelerakion at law engine speeds was limited by the 
ab i l i t y  of the combustor t o  produce temperature rise, whereas a t  high 
engine  speeds the maximum allowable  turbine-inlet temperature was the 
rest r ic t ing  factor .  

5. The altitude  operational limits increased. from about 51,500 f ee t  
a t  55 percent of rated.  engine  speed t o  about 64,500 feet at 85 percent 
of rated speed. 

6. The combustion efficienoies  varied. from 39 .O t o  92.6 percent, 
decreasing  with a decreaee i n  engine speed and with an increaBe in  

. 
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alt i tude.  Higher eff  fciencies would  have been obtained if  lower al- 
t i tudes had been investigated. No significant effect of fue l  tempera- 
ture on combustion efficiency w&8 observed over the range of fuel.  
temperature  investigated (80' t o  -52O F) . 

ec d 7. A t  d t i t u d e e  of 30,000 and 40,OOO fee t  the combustion e f f ic i -  
N encies  obtained with M12-F-5616 fie1 were about 8 percent higher at 

rated engine speed and 14 percent lwer at 55 percent of rated speed 
than  those  obtained  with weathered aviation  gasoline. 

8. The preesure-loss r a t i o  increaed from 12.3 t o  16.1 when the 
density r a t i o  was raised fran'l t o  2.6. 

Lewis Flight  Propulsion  Laboratory, 

Cleveland, Ohio. 
National  Myismy Committee f o r  Aeronautics, 
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APPEXOIX - CALcIlzATION OF COMBUSTOR OPEZUMNG CONDITIONS 

Symbols 

The following spibola are ueed i n  the  calculations: 

Mach  number 

engine rotational speed 

absolute  total  pl.eesure 

absolute   s ta t ic  pressure 

absolute  total  temperature 

absolute s h t i a  temperature 

t rue   f l igh t  Bpeed 

mass air  flaw pzr uni t  time through oolnpreesor 

specific-heat ratio fo r  air 

t o t a l  pressure divided by etandard  sea-level preseure 

t o t a l  temperature  divide& by standard sea-level temprature 

Subsoripts : 

0 engine i n l e t  (ambient conditions) 

1 compressor inlet 

2 combustor inlet [ompressor cut le t )  

3 combustor outlet 

4 

0 
N 

P 
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Combustor-Inlet Conditions with Eng ine  Windmilling 

In order t o  obtain ccgnbustor operating data a t  t rma i to ry  engine 
rotational speeds that would be encountered  during  the opening of the 
intake gates (closed  during  nonoperation) of an auxiliary f l ight   turbo-  
jet   installation,  corrections were appl iea   to  engine  equilibrium wi"- 
milling data a s  shown i n  the following  diacussion. IC 

I+ 

0. cu 
Air flow. - I n  general,  the 111&15s flow of air through a cmpesso r  

LE given by 

where the subscripts y and z represent two  different engine oper- 
ating conditims. It can a lso  be shown that - 

T1 = tl (1 + z M 1  
y-l 2, 

If no ex te rna l  heat is added to the air during i t e  passage through the 
engine inlet dffmer, 

Uao, as in: equation (2) 

w 

If the velocity of the  air leaving  the Mfuser and entering the com- 
pressor is assumed t o  be zero (approximate only), 

T1 = tl 

From the  preceding  equations, 

tl = to (1 + 9 ..") 
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If both  operating conditions are aersumed t o  be..for engine  ogerakion at 
the same al t i tude,  

l o r  an assumed diffuser ef f ickncy  of 200 prcent ,  

Y 

Substituting  equation (4 )  into  equation (10) yields 

or 

Y 

. 
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Thus 

- Y 
Y -1 

applying the s&me assumptione a6 applied t o  equation (8) 

and 
Y 

D, Y 

Substituting  equations ( 8 )  and (13) into  equation (1) yields 

15 

Available  operating data included the equilibrfum windmilling speeds 
of the 547 turbojet engine at various  f l lght speeds and the mass air- 
flow rate through the engine at eqpillbrium windmilling speeds from 
1000 to 2100 rpm. Application of these data t o  equation (14) enabled 
the calculation of maas as2 flows a t  a f l i gh t  speed of 400 miles per 
hour at engine  rotational speepS other than the  equilibrium  windmilling 
speed. 

Inlet pressure. - In addition to equilibrium windmiilling speeds at 
various f l i g h t  speeds, tZle operating data of the 347 turbojet engine 
also included the combustor-inlet total pressures at various equilibrium 

1 windmilling  speeds. In order t o  determine  combustor-inlet total 
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PRESLUYS a t  rotational speede encountered during the openix of the 
intake  gates (tb% -is, t ransi tory ~Jmamil.lin& ap6eds lcstil than t h e  
equilibrium vkdm5.lling s p e d  correegonaix-   to   the  par t icular   f l ight  .. . . .. 

speed), the data were corrected as m b s e ~ w n t l y  shown. Assumed per- 
N 

- I- 

formance data  are : 

flight winamillin&; 
speea . speed 

A t  the same rotational speed at different f l i gh t  

Subtracting  equation (15)- from equation .(16) yields 

('2 )VyrNz - ('2 )Vz,Itz . 

- 

Assuming that the diffuser.efficiency is 100 percent and the ve loc i ty  
of the  air leaving the diffuser is approximately zero yields 

Y 

By subs t l~u t ion  i n  equation (17), 

or 



3 NACA RM E5lA25 . -  17 

Thus, i f   the  combustor-inlet t o t a l  pressure is known for an equilibrium 
windmilling  speed a t   m e   f l i g h t  speed, the  inlet  t o t a l  pressure can be 
calculated f o r  the same windmilling s p e d   a t  another  flight speed. 

Inlet temperature. - The t o t a l  temperatures of t he   a i r   a t  the 
combustor in le t  for vmious engine Wrndmilling speeds a t   a l t i tude  con- 
di-kions were determined by addition of a RmRll temperature r i s e  (3O t o  
20° F) caused by wbbi3JLing of the engine  (altitude-wind-tunnel  re- 
search) t o  the t o t a l  temperatures of the air at the ccgnpressor in le t  
(equations (3) and (4)) .  

Combustor-Inlet Conditions for Normal Operation 

Combustor oprating  conditions during n o m  engine  operation a t  
alt i tude were obtained by adjusting the  data frm an  investigation of 
a crsnplete engine operated at a simulated Maoh number of 0.52. The . 
following d u e s  were plotted  (fig.  against  percentage  corrected 
rated engine  speed: T2/T0, TdTo,  . and P&. These values 
were then reduced tp the  uncorrected  values at the various alt i tudes 
by appropriate  treatment w i t h  6, -9, or TO, and replotted. A 
working plot  of the  uncorrected  values is not  included i n  t h i s  report. 
Engine-inlet  temperature TO is given by equation (4) and 6 and 
0 were determined as 

PO 1.2 Po 

ps .L. ps .If. 
6 z - z  

7 -1 
TO to(1.2) 7 

tS .L . ts .L . 
- 

e =-= 
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W A  RM E5lA25 - 
A.S .T .M. dist f l la t ion 
D 86-46, ?E' 

Ini t ia l  boi l ing plnt 

Percentage  evaporated 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Final boiliug point, 
OE 

Reid vapor p r e s ~ u r e ,  
~ b / s q  in. 

Specific g r a v i t y  at 
60° F/60° F 

R e t  heatihg value, 
Btu/lb 

MIL-3'-5616 

312 

32 9 
333 
338 
342 ' 

347 
. 353 
361 
37 3 
393 

446 

0 

0.791 

0 

0 .I64 

18,670 

KU -F -5572 
gr8d-e 115/145 
(weathered) 

120 

210 

333 

4.2 

0.718 

5.32 

0 282 

18,950 

19 
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i o  20 30 40 50 60 . 70 
Engine speed, percent rated 

Figure 6. - Altitude-ignition  trials  with fuel MIL-F-5572, grade 115/145 
(weathered). 
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Fuel-air ratio 

(a)  Flight speed 4QO mileg per hour and engine KFndmllling 
a t  speeds up to 26.6 percent of rated speed (equilibrium 
v~ndmill speed at 400 ma). 

Pigure 7. - Temperature rise obtainable KLth various fuel-air 
ratios i n  J47 single combustor a t  c o d i t i o n s  simulating 
altitude of 30,000 feet. Fuel, MIL-F-5572, grade ll5/145 
(weathered). 
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I . ... . . 

(b) Engine epee&. of 25.3 percent rated and higher; f l i ght  sped, 354 miles ger bur. 

Figure 7. - Concluded. Temperature rise obtainable uitb varlous fuel-air  ratios In 
547 single combustor a t  condftlone sfrmilatlng altitude of 30,000 feet.  Fuel, 
MIL-F-5572, grade U5/145 (weathered). 
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-Engine speed, percent  rated 

Figure 9. - Excess  temperature rise available for engine  acceleration: 
maximum obtainable  temperature rise UTmBx) minue temperature  rise 
required for  owration O AT,^^). 547 single combustor; fuel, 
m-F-5572, grade 115/145 (weathered); flight Mach rider, 0.52. 
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FLgure 10. - Combustion efficiencies and altitude  operating lfmits 09 547 
single combustor at various engine speed8 and altitudes. Fuel, MIL-F-5572, 
grade l.l5/145 (weathered); flight Mach number, 0.52. 

33 



34 NACA RM E5U25 

100 

80 

1;; 60 s 

60 70 80 90 
Engine speed, percent rated 

Figure 11. - Combustion efficiency of  547 single 
combustor with ~ 1 ~ - ~ - 5 6 1 6  and MIL-F-5572, grade 
115/145 (weathered) fuels at 30,CKxI- snd 40,000- 
foot  al t i tudes and VEir ious engine speeds. F l i g h t  
Mach  number,  0.52. 
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1.0 1.4. 1.8 2.2 2.6 3.0 
Density ra t io ,  p1/p2 

Figure 12. - Total-pressure drap across 547 single combustor. 
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